Mapatumumab and lexatumumab are fully human monoclonal antibodies that bind and activate human tumor necrosis factor-related apoptosis-inducing ligand receptors 1 and 2, respectively. These antibodies induce apoptosis in various tumor cell types, although the degree of sensitivity can vary from highly sensitive to completely resistant. Importantly, tumor cells that are partially or completely resistant to mapatumumab or lexatumumab can often be sensitized when treated in combination with chemotherapeutic drugs. In this regard, the proteasome inhibitor bortezomib has recently shown synergistic activity against established lymphoma cell lines and primary lymphomas when combined with mapatumumab and lexatumumab. Here, we report similar findings using a panel of human non-small cell lung cancer (NSCLC) cell lines. Specifically, we show that bortezomib rapidly induces sensitivity to mapatumumab and lexatumumab in NSCLC cell lines that are completely resistant to antibody alone and that bortezomib concentrations as low as 25 nmol/L sensitize NSCLC cells to the antibodies. Furthermore, bortezomib at the tested concentration has minimal effect on its own, indicating the combination generates synergistic cytotoxicity. Combination treatment induces activation of the caspase cascade and the effect of the combination is caspase dependent. Bortezomib treatment increases the intracellular levels of several important apoptosis regulators that may mediate enhanced sensitivity to mapatumumab and lexatumumab. These results suggest future evaluation of mapatumumab or lexatumumab in combination with bortezomib is warranted in NSCLC patients.
Introduction
Mapatumumab and lexatumumab (formerly HGS-ETR1 and HGS-ETR2, respectively) are fully human agonistic monoclonal antibodies (mAb) that bind with high affinity to the human tumor necrosis factor-related apoptosisinducing ligand (TRAIL) receptors 1 and 2 (TRAIL-R1/ DR4 and TRAIL-R2/DR5), respectively. These receptors are expressed on a wide variety of tumor cell types and a limited number of normal cell types (1) . Accordingly, binding of TRAIL or agonistic TRAIL-R1 and TRAIL-R2 antibodies induces apoptosis in numerous cancer cell types but has little effect on most normal cells. Given the selective toxicity for tumor cells, both recombinant human TRAIL and agonistic TRAIL-R1 and TRAIL-R2 antibodies are currently in various stages of clinical development for the treatment of human cancers (2) . Agonistic TRAIL-R1 and TRAIL-R2 antibodies may have greater therapeutic potential than TRAIL due to a prolonged half-life in vivo and lack of interaction with so-called ''decoy'' TRAIL receptors (TRAIL-R3/DcR1, TRAIL-R4/DcR2, and OPG; ref. 3) . Mapatumumab and lexatumumab may also activate Fc-mediated antibody effector functions, such as antibodydependent cell-mediated cytotoxicity and complementdependent cytotoxicity (4) .
TRAIL-R1-and TRAIL-R2-induced apoptosis is mediated through activation of both extrinsic and intrinsic intracellular death signaling pathways. Ligation of death receptors results in formation of the death-inducing signaling complex (DISC), which consists of death receptors, adaptor proteins, and pro-caspase-8, and leads to processing and activation of pro-caspase-8 by an autocatalytic mechanism (5) . Activated caspase-8 triggers the extrinsic apoptotic pathway by directly activating effectors such as caspase-3 and caspase-7, resulting in cleavage of downstream targets such as poly(ADP-ribose) polymerase (PARP). Caspase-8 can also initiate the intrinsic apoptotic pathway through cleavage and activation of Bid. Activated Bid induces oligomerization of proapoptotic proteins Bax and Bak, resulting in the release of both cytochrome c and Smac/ DIABLO from the mitochondria and subsequent activation of caspase-9 (6) . Both intrinsic and extrinsic pathways lead to the activation of caspase-3 and eventual apoptotic cell death.
Non-small cell lung cancer (NSCLC) constitutes f87% of all lung cancer cases in the United States (7) . Platinumbased chemotherapy doublets are still considered standard treatment for advanced NSCLC (8) . However, the modest gains observed with these regimens are countered by their toxicity profile; therefore, more effective targeted therapies are needed (9) . A recent study of stage III NSCLC patients found high TRAIL-R1 expression in 99% of tumor biopsies and high TRAIL-R2 expression in 82% of tumor biopsies (10) . A separate study of stage I and II NSCLC patients found high TRAIL-R2 expression in 67% of tumor biopsies (11) . Thus, many NSCLC patients may be good candidates for TRAIL-R1 and TRAIL-R2 agonist-mediated therapy, although recent single-agent phase 2 data with mapatumumab suggest that combination with sensitizing agents may be required for maximum efficacy (12) .
Mapatumumab and lexatumumab induce apoptosis in various tumor cell types, including NSCLC cell lines, in vitro and in vivo, although the degree of sensitivity can vary from highly sensitive to completely resistant (13) . Importantly, tumor cells that are partially or completely resistant to mapatumumab or lexatumumab can be sensitized by combination treatment with various chemotherapeutic drugs (13 -16) . The proteasome inhibitor bortezomib has recently been approved as a first-line therapy for multiple myeloma and mantle cell lymphoma and has shown promising antitumor activity in combination with other cytotoxic drugs in patients with NSCLC (17) . Bortezomib treatment elicits several cellular changes that may sensitize tumor cells to TRAIL receptor agonists, such as the accumulation of BH3-only proapoptotic Bcl-2 family members (18) and increased TRAIL receptor surface expression (19 -21) . Accordingly, bortezomib has been shown recently to enhance the sensitivity of NSCLC cell lines to TRAIL (19, 20) and is also known to enhance the sensitivity of other tumor types to mapatumumab and lexatumumab (22 -24) . The purpose of this study was to examine the effects of treating NSCLC cell lines with mapatumumab or lexatumumab in combination with bortezomib.
Materials and Methods
Cell Culture and Reagents NSCLC cell lines A549, H441, H460, H596, H2122, and H2347 were obtained from the American Type Culture Collection. All cell lines were cultured in medium recommended by the supplier. The proteasome inhibitor bortezomib (Velcade) was obtained from Millennium Pharmaceuticals. The agonistic TRAIL-R1 and TRAIL-R2 human IgG1 mAbs, mapatumumab and lexatumumab, respectively, were generated and purified as described previously (13) . An isotype-matched control mAb (ICmAb) of irrelevant specificity was used for comparison.
Viability Assay Cell viability was determined using the Cell Titer-Glo assay (Promega). Cells were plated in opaque white 96-well white polystyrene plates (Corning) at a density of 1 Â 10 4 per well in 100 AL culture medium and incubated overnight at 37jC. Culture medium was aspirated and replaced with 100 AL medium containing the indicated concentrations of ICmAb, mapatumumab, lexatumumab, or bortezomib alone or in combination. Cells were then incubated for various periods and viability was measured according to the manufacturer's protocol. Briefly, 100 AL assay reagent was added directly to cells in culture medium and mixed for 10 min at room temperature. Luminescent signal was read using a Wallac Envision 2100 plate reader (Perkin-Elmer). All treatments were done in triplicate. The average and SE were determined and plotted using Prism software (GraphPad Software). Data are relative to the viability of cells treated with medium only. Each viability experiment was done at least twice. For studies using the general caspase inhibitor z-VAD-FMK (BD Biosciences), cells were treated with test compounds as described above in the presence of 10 Amol/L z-VAD-FMK.
Flow Cytometry Cells were treated with 100 nmol/L bortezomib for various periods before analysis of TRAIL-R1 and TRAIL-R2 expression. Cells were detached from culture flasks using Enzyme-Free Cell Dissociation Buffer (Invitrogen), washed in PBS, and resuspended in FACS buffer (PBS with 0.1% bovine serum albumin). Cell surface expression of TRAIL receptors was determined using commercial mouse anti-TRAIL-R1 or anti-TRAIL-R2 antibodies (eBiosciences). Commercial mouse IgG (eBiosciences) was used as a negative control. Cells were incubated with antibodies for 20 min at room temperature, washed, resuspended in FACS buffer containing 0.5 Ag/mL propidium iodide, and analyzed on a FACScan machine (Becton Dickinson).
Western Blot Analysis Cells (1 Â 10 6 ) were plated overnight on 100 mm cell culture dishes and then treated with 10 Ag/mL lexatumumab or 100 nmol/L bortezomib alone or in combination for 3, 8, or 24 h. Cells were then washed and scraped in PBS, pelleted by centrifugation, and lysed in ice-cold radioimmunoprecipitation assay buffer (25 mmol/L TrisHCl, 150 mmol/L NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with complete protease inhibitors (Roche Applied Science) and 0.2 mmol/L phenylmethylsulfonyl fluoride. Protein concentrations were determined using a modified Bradford assay (Coomassie Plus; Pierce). Proteins were separated by Trisglycine SDS-PAGE (10-20% Novex pre-cast gel; Invitrogen) and transferred to polyvinylidene difluoride membranes (Invitrolon; Invitrogen). The membranes were then probed with antibodies recognizing the pro-forms and cleaved forms of the apoptotic proteins caspase-8 and -10 (MBL) and caspase-2, -3, -6, -7, -9, and -10 and PARP (Cell Signaling Technology). Blots were also probed for Bik, Bim, p21, and PUMA (Cell Signaling), Bax, Bcl-2, Bid, and Mcl-1 (Santa Cruz Biotechnology), Noxa (Calbiochem), and actin (Sigma). Primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) and enhanced chemiluminescence substrate (GE Healthcare). Bortezomib conditions resulting in altered protein levels were repeated at least once to verify the results.
DISC Immunoprecipitation
Immunoprecipitation of the TRAIL-R2-associated DISC with lexatumumab was done as described previously (25) . Briefly, 1 Â 10 7 NSCLC cells were suspended in 10 mL culture medium, incubated with 1 Ag/mL lexatumumab at 4jC for 30 min, transferred to 37jC for 1 h, washed three times in PBS, and then lysed in immunoprecipitation buffer (150 mmol/L NaCl, 20 nmol/L Tris-HCl, 1% Triton X-100) supplemented with complete protease inhibitors (Roche). Antibodies were precipitated with protein A beads (Sigma) overnight at 4jC. Beads were washed three times in immunoprecipitation buffer supplemented with 0.5 mmol/L NaCl and samples were subjected to Western blot analysis as described above.
Results

Bortezomib Enhances Sensitivity of NSCLC Cell Lines to Mapatumumab and Lexatumumab
Several studies have explored the cytotoxic effects of recombinant human TRAIL and bortezomib on NSCLC cell lines (19, 20) , but the effects of agonistic TRAIL-R1 and TRAIL-R2 antibodies alone or in combination with bortezomib on NSCLC cell lines have not been studied. Therefore, we treated a panel of NSCLC cell lines with mapatumumab or lexatumumab using a range of concentrations in the absence or presence of bortezomib. The H460 and H2122 lines showed a dose-dependent decrease in cell viability on treatment with either mapatumumab or lexatumumab alone, whereas the A549, H441, H596, and H2347 lines were refractory to treatment with these antibodies (Fig. 1) . The differential sensitivity of NSCLC cell lines to TRAIL/TRAIL receptor therapy is consistent with previous reports (19, 20) . Addition of 100 nmol/L bortezomib significantly induced or enhanced sensitivity of all NSCLC cell lines to mapatumumab and lexatumumab ( Fig. 1) . The results are particularly striking for the A549, H441, H596, and H2347 lines, which are refractory to individual treatments but quite sensitive to the combination treatments. The apparent lack of bortezomib activity is due to the relatively early time points analyzed here. Indeed, bortezomib is known to be effective against NSCLC cell lines as a single agent but decreases in viability generally take >24 h to develop (21 -23) . Thus, the combination of mapatumumab or lexatumumab with bortezomib rapidly generates an additive (H460 and H2122) to synergistic (A549, H596, H441, H2347) increase in cytotoxicity that kills f100% of NSCLC cells treated with the highest concentration of antibody.
To develop a more detailed time course of sensitivity, cells were incubated with mapatumumab or lexatumumab at 10 Ag/mL in the absence or presence of 100 nmol/L bortezomib for 8 to 72 h. Consistent with the findings above, the H2122 and H460 lines were sensitive to mapatumumab and lexatumumab alone, whereas the A549 and H441 lines were refractory (Fig. 2) . Interestingly, the H460 cells contain a resistant subpopulation that remain refractory following 72 h of treatment and can be cultured indefinitely in the presence of 10 Ag/mL antibody (data not shown). Bortezomib alone caused incremental decreases in viability over time, which were generally more apparent at the later time points (Fig. 2 ). As mentioned above, the delayed sensitivity of NSCLC cell lines to bortezomib is consistent with literature reports (26 -28) . Combining mapatumumab or lexatumumab with bortezomib resulted in significant increases in cytotoxicity that occurred at earlier time points relative to the effects generated by individual agents (Fig. 2) . The effects of combination treatment are especially striking for the A549 and H441 lines. No single agent reduced the viability of A549 cells by >10% at 16 h, but the combination reduced viability by f80% at the same time point. Similarly, single agents decreased the viability of H441 cells by <15% at 48 h, but the combination decreased viability by z80% at 48 h. Taken together, these data show the combination of mapatumumab or lexatumumab with bortezomib increases the potency of treatment and decreases the time required for cytotoxicity to occur.
The studies described above were done using a fixed bortezomib concentration of 100 nmol/L. To determine the minimum concentration of bortezomib required to sensitize cells to mapatumumab or lexatumumab, H460 and A549 cells were treated with the antibodies in combination with 50, 25, or 10 nmol/L bortezomib. Bortezomib concentrations as low as 25 nmol/L were able to sensitize cells to both mapatumumab and lexatumumab, although this concentration was slightly less effective than 50 nmol/L ( Supplementary Fig. S1 ). 4 These data show that the threshold for bortezomib sensitization of NSCLC cell lines to mapatumumab or lexatumumab is between 10 and 25 nmol/L. This concentration of bortezomib is within the threshold range required to inhibit proteasome activity in NSCLC cell lysates (27, 28), suggesting that the sensitizing effect of bortezomib is due to proteasome inhibition and not off-target effects.
Cytotoxicity Induced by Mapatumumab or Lexatumumab Combined with Bortezomib Is Caspase Dependent TRAIL-R1 and TRAIL-R2 agonists induce receptor multimerization leading to formation of the DISC. This complex initiates the extrinsic apoptotic pathway and subsequent activation of the caspase cascade. To determine whether caspase activation is involved in bortezomib-enhanced sensitivity to mapatumumab and lexatumumab, H460 and A549 cells were treated with mapatumumab or lexatumumab F bortezomib in the presence of the general caspase inhibitor z-VAD-FMK. H460 cells, which are partially sensitive to mapatumumab and lexatumumab, were completely resistant to the antibodies in the presence of z-VAD-FMK (Fig. 3A) . This finding is consistent with the known mechanism of action for these antibodies (29) . Similarly, z-VAD-FMK significantly inhibited the bortezomib-enhanced sensitivity of both H460 and A549 cells to mapatumumab and lexatumumab (Fig. 3A) , indicating that the cytotoxicity of the combination treatment is mediated primarily through caspase activation.
Combining Lexatumumab with Bortezomib Induces Caspase Activation
To verify caspase activation is involved in lexatumumab + bortezomib-induced cell death, H460, A549, and H441 cells were treated with lexatumumab, bortezomib, or both for various periods. Lysates were prepared and caspase activation was monitored by Western blot. In H460 cells, lexatumumab alone induced cleavage of all caspases analyzed following only 3 h of treatment (Fig. 3B) . By 24 h, many of the pro-caspases began to reappear. This is likely due to continued growth of the lexatumumabresistant subpopulation described above (see Figs. 1  and 2 ). Bortezomib alone did not activate caspases at 3 or 8 h (Fig. 3B) . By 24 h, bortezomib treatment began to activate caspase-9 but none of the other caspases analyzed. Combining lexatumumab and bortezomib activated all caspases within 3 h of treatment (Fig. 3B) . By 8 h, many procaspases were completely degraded, and by 24 h, most caspases were undetectable due to loss of intact cells. In A549 and H441 cells, lexatumumab stimulated low levels of caspase activation at early time points, suggesting the presence of a very small subpopulation of lexatumumab-sensitive cells. Bortezomib alone had little effect at 3 h but began to activate caspase-9 in H441 cells by 8 h and in A549 cells by 24 h (Fig. 3B) . Combining lexatumumab and bortezomib activated all caspases in both lines by 3 h, although the degree of activation was less intense in the H441 cells. In A549 cells, many pro-caspases were completely degraded by 8 h and most caspases were undetectable by 24 h due to loss of intact cells. Meanwhile, caspase activation in H441 cells intensified at 8 and 24 h, but pro-caspases were still detectable as most cells remained viable (see Fig. 2 ). In general, caspase activation correlated well with the cell viability data described earlier (see Figs. 1  and 2 ).
Bortezomib Treatment Increases Surface Expression of TRAIL-R2 but not TRAIL-R1
Bortezomib has been shown recently to increase surface expression of TRAIL-R1 and TRAIL-R2 on NSCLC cell lines, reportedly leading to increased sensitivity to TRAIL (19, 20) . To determine whether a bortezomib-induced increase in TRAIL-R1 and TRAIL-R2 surface expression may explain the enhanced sensitivity to mapatumumab and lexatumumab described above, we treated H460, A549, and H441 with 100 nmol/L bortezomib and analyzed TRAIL-R1 and TRAIL-R2 surface expression by flow cytometry. Untreated cells expressed both TRAIL receptors. TRAIL-R2 levels increased in all three lines following bortezomib treatment, whereas TRAIL-R1 levels remained constant or decreased slightly (Table 1) . These data indicate that receptor expression on untreated cells does not correlate with sensitivity to mapatumumab or lexatumumab because H460 are partially sensitive to the antibodies, whereas A549 and H441 are insensitive, yet all three lines express both receptors. Increased surface expression of TRAIL-R2 may contribute to bortezomib-enhanced , and H441 cells were treated with lexatumumab at 10 Ag/mL, bortezomib at 100 nmol/L, or both for 3, 8, or 24 h before collection of whole-cell lysates for Western blot analysis. Blots were probed using caspase-specific antibodies, most of which detect the pro-forms and cleaved forms of activated caspases. PARP was probed as a further measure of caspase activation and actin was probed as a loading control. Right, approximate molecular weights (kDa). sensitivity to lexatumumab, but this is not the case for mapatumumab because bortezomib appears to have no effect on TRAIL-R1 surface expression in the cell lines tested.
TRAIL-R1/R2 mAbs Activity Increased with Bortezomib
DISC Formation Occurs in Both LexatumumabSensitive and Lexatumumab-Resistant NSCLC Cell Lines
To determine whether aberrant DISC formation could explain the lack of sensitivity to mapatumumab or lexatumumab in resistant NSCLC cell lines, DISC formation was analyzed. The NSCLC cell lines H2122, H460, A549, and H441 were treated with lexatumumab and lysed, and DISC formation was examined by immunoprecipitation and Western blot. FADD and activated caspase-8 were found to be associated with TRAIL-R2 in all four lines (Fig. 4A) . Interestingly, only the mature 40 kDa form of TRAIL-R2 was recovered from the H441 cells, whereas both the premature 48 kDa and mature forms were recovered from the other three lines. In addition, the 18 kDa active form of caspase-8 was not detectable in the DISC of A549 or H441 cells. Importantly, this was not due to decreased cellular levels of caspase-8 in A549 or H441 cells (Fig. 4B) . These data suggest that incomplete activation of caspase-8 may contribute to resistance in these lexatumumab insensitive lines (see Figs. 1 and 2) .
Bortezomib Treatment Causes Accumulation of Several Important Regulators of Apoptosis
Activation of the caspase cascade is generally considered an irreversible commitment to complete the apoptotic process. To prevent unwanted apoptotic cell death, caspase activation is highly regulated by numerous proapoptotic and antiapoptotic factors. Loss of antiapoptotic factors or gain of proapoptotic factors can induce apoptosis or render cells more sensitive to proapoptotic signals (30, 31) . In this regard, inhibition of protein degradation by bortezomib is known to cause the accumulation of several proapoptotic factors (18) . In some cases, bortezomib has also been reported to cause a loss of key antiapoptotic factors, such as Bcl-2 (32). Therefore, we examined a panel of proapoptotic and antiapoptotic factors in H460, A549, and H441 cells at various time points following treatment with lexatumumab, bortezomib, or both in an attempt to identify factors that may be responsible for bortezomib-induced sensitivity to lexatumumab. Proapoptotic Bcl-2 family members Bid, Bik, Bim, Bax, PUMA, and Noxa as well as the antiapoptotic protein Mcl-1 and cell cycle control protein p21 have all been reported to increase following bortezomib treatment (19, 26 -28) . Bcl-2, Bax, and Bik levels did not change significantly in any cell line (Fig. 5) , although Bik expression was lost in H460 and A549 cells following 24 h of combination treatment due to loss of intact cells (see Fig. 2 ). Bid and PUMA levels dropped following treatment with lexatumumab in H460 cells or lexatumumab + bortezomib in all three lines (Fig. 5) . The decreases (Fig. 5) . Similarly, Noxa and p21 levels were nearly undetectable or quite low in untreated cells but increased dramatically in all three lines on bortezomib treatment. In H460 and A549 cells, the Mcl-1, Noxa, and p21 increases are less pronounced in the combination groups likely due to the loss of intact cells by 24 h (see Fig. 2 ). Taken together, these data show that bortezomib treatment causes the accumulation of several regulators of apoptosis, which could potentially be responsible for enhancing the sensitivity of these NSCLC cell lines to lexatumumab.
Discussion
Death receptors TRAIL-R1 and TRAIL-R2 are expressed on a wide variety of tumor cell types (1). Agonistic TRAIL-R1 and TRAIL-R2 antibodies mapatumumab and lexatumumab, respectively, can induce apoptosis in many cancer cell types; however, some cancer cell lines are refractory to these agents (33) . Importantly, tumor cells that are partially or completely resistant to mapatumumab or lexatumumab can be sensitized by treatment with various chemotherapeutic drugs (13 -16) . The objective of the current study was to determine whether the proteasome inhibitor bortezomib could enhance the cytotoxicity of mapatumumab or lexatumumab in human NSCLC cell lines. Several recent studies support examination of this drug combination in NSCLC. Specifically, bortezomib is known to enhance the sensitivity of NSCLC cell lines to TRAIL (19, 20) and to enhance the sensitivity of other tumor types to mapatumumab and lexatumumab (22 -24) . In addition, a recent report indicates that bortezomib in combination with the agonistic mouse TRAIL-R2-specific antibody MD5-1 can inhibit lung metastases and prolong survival of tumor-bearing mice (34) . In this study, two of six NSCLC cell lines tested were partially sensitive to treatment with mapatumumab or lexatumumab alone, whereas the remainder of the tested lines was resistant to antibody treatment. However, combined treatment with bortezomib markedly increased the sensitivity of all NSCLC cell lines to mapatumumab and lexatumumab. The increased cytotoxicity was not due to bortezomib alone, which had only moderate activity as a single agent at the time points tested. Thus, in most cases, the combination rapidly caused a more than additive or synergistic increase in cytotoxicity.
The increased sensitivity of NSCLC cells to combination treatment appears to be due primarily to enhanced activation of caspases. This was shown by treating the H460 and A549 lines in the presence of the general caspase inhibitor z-VAD-FMK, which significantly inhibited the cytotoxicity of combination treatment. Western blot analysis indicates early activation of all three initiator caspases as well as executioner caspase-3, -6, and -7 following combination treatment. PARP cleavage was also enhanced by combination treatment. Importantly, caspase activation and PARP cleavage in the H460, A549, and H441 lines correlate well with sensitivity to treatment. For example, the A549 line is resistant to lexatumumab and bortezomib treatment but is sensitive to the combination. Accordingly, significant caspase activation and PARP cleavage occur only following combination treatment. Taken together, the data indicate that the effectiveness of combination therapy results from enhanced activation of the caspase cascade.
In an effort to determine how combination treatment enhances activation of the caspase cascade, we first examined surface expression of TRAIL-R1 and TRAIL-R2 before and after bortezomib treatment. Importantly, bortezomib and other chemotherapeutic agents are known to increase (19, 20) . However, whether the level of TRAIL receptor surface expression correlates with sensitivity to TRAIL or agonistic TRAIL receptor monoclonal antibodies is unclear (1). In the current study, untreated H460, A549, and H441 lines all expressed TRAIL-R1 and TRAIL-R2 on their surface, yet only the H460 cells were sensitive to mapatumumab or lexatumumab as single agents, indicating that receptor expression alone does not dictate sensitivity to these antibodies. Following bortezomib treatment, surface expression of TRAIL-R2 increased on all three lines, whereas expression of TRAIL-R1 remained steady or decreased slightly. If each individual cell line requires a threshold amount of TRAIL-R2 surface expression to respond to lexatumumab, and the levels on the resistant cells are below this threshold, a bortezomib-mediated increase in TRAIL-R2 levels could be responsible for increased sensitivity to lexatumumab. However, no bortezomib-mediated change in TRAIL-R1 surface expression was observed; therefore, increased TRAIL-R1 receptor expression is unable to explain the increase in sensitivity to mapatumumab, unless TRAIL-R1-mediated sensitivity to this antibody is tied to TRAIL-R2 surface expression levels. To date, there is no convincing evidence to suggest that TRAIL-R1/TRAIL-R2 heterotrimers form under physiologic conditions (1), making it unlikely that TRAIL-R2 levels control sensitivity to TRAIL-R1 agonists.
Inhibition of protein degradation by bortezomib is known to cause the accumulation of several apoptotic regulators (35) . Of the regulators analyzed in this study, bortezomib treatment caused marked accumulation of Noxa, Mcl-1, and p21. Noxa is a proapoptotic BH3-only member of the Bcl-2 family of apoptotic regulators, which is dramatically up-regulated in several tumor cell types following bortezomib treatment (19, 28) . This occurs due to a concomitant increase in c-Myc levels, which increases transcription of the Noxa gene (36) . Several studies indicate that preventing bortezomib-mediated increase in Noxa levels inhibits sensitivity to bortezomib, suggesting that Noxa up-regulation is at least partially responsible for bortezomib-induced cytotoxicity (37, 38) . Similarly, bortezomib-mediated Noxa up-regulation may also partly be responsible for sensitizing NSCLC cell lines to mapatumumab and lexatumumab.
Mcl-1 is an antiapoptotic member of the Bcl-2 family and was originally identified in myeloid cells as an important survival factor (39) . Full-length Mcl-1 (Mcl-1L) contains BH1, BH2, and BH3 as well as a PEST domain that mediates rapid turnover by the ubiquitin proteasome pathway (40, 41) . Accordingly, we show here that Mcl-1L accumulates in NSCLC cells following bortezomib treatment, which is consistent with published reports (27, 28) . Recently, shorter Mcl-1 splice variants (Mcl-1S) have been identified (42, 43) . These variants retain the PEST and BH3 domains but lack the COOH-terminal domains, generating proapoptotic BH3-only proteins. Mcl-1L can also be cleaved by activated caspase-3 within the PEST domain, generating a BH3-only fragment with proapoptotic function (44, 45) . Importantly, mapatumumab and lexatumumab are known to induce caspase-dependent cleavage of Mcl-1L in myeloma cells (29) . Similarly, we show here that Mcl-1L is cleaved in the lexatumumabsensitive H460 cells and in the lexatumumab-resistant A549 and H441 cells when used in combination with bortezomib. Furthermore, we show that bortezomib treatment causes accumulation of Mcl-1S splice variants. Thus, the combined effect of Mcl-1S accumulation and Mcl-1L cleavage may also contribute to the effectiveness of the combination therapy.
The cell cycle plays an important role in determining sensitivity to chemotherapeutic agents. There are numerous intracellular regulators of the cell cycle, some of which are known to accumulate following bortezomib treatment. Increased p21 levels following bortezomib treatment contribute to cellular growth arrest (46) and can enhance the sensitivity of cancer cells to TRAIL (47, 48) . Here, we show that p21 accumulates in NSCLC cells following bortezomib treatment. This finding is consistent with previous studies using NSCLC cell lines (26) and may be at least partially responsible for enhanced sensitivity of the NSCLC cell lines to the combination of bortezomib + mapatumumab or lexatumumab.
Bortezomib has been approved recently as a first-line therapy for multiple myeloma and mantle cell lymphoma and has shown promising antitumor activity in combination with other cytotoxic drugs in patients with NSCLC (17) . A recent phase 2 trial of mapatumumab in NSCLC patients indicates that the antibody is safe and well tolerated, although no objective single-agent activity was shown (12) . Preclinical studies indicate that the maximal activity of mapatumumab occurs when used in combination with chemotherapeutic agents that sensitize tumor cells to proapoptotic stimuli (13) . Bortezomib treatment causes several cellular changes that may sensitize tumor cells to TRAIL receptor agonists (49) , and we show here that mapatumumab therapy may be significantly enhanced by combination with bortezomib. Bortezomib concentrations of 3.4 Amol/L have been recorded in the plasma of patients following a single injection of 1.3 mg/m 2 (50), which is >100-fold higher than minimum concentration required to sensitize NSCLC cell lines to mapatumumab and lexatumumab. The sensitizing activity of 25 nmol/L bortezomib in the NSCLC cell lines is consistent with the minimum bortezomib concentration required to sensitize liver, colon, pancreatic, renal, and breast cancer cells to TRAIL (21, 34) . Moreover, our findings suggest that mapatumumab and lexatumumab may substantially lower the effective dose of bortezomib required to treat cancer patients, likely reducing the risk of side effects. Mapatumumab is currently being tested in combination with bortezomib in multiple myeloma patients and with gemcitabine and cisplatin in NSCLC patients in separate phase 2 trials. Based on the findings presented here, future evaluation of mapatumumab or lexatumumab in combination with bortezomib in NSCLC patients is also warranted.
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